A novel time-saving and cost-effective release technique has been developed and is described. The physical nature of the process is explained in combination with experimental observations. The results of the flash release process are compared with those of freeze-drying and supercritical CO 2 releasing. It is demonstrated that the new technique is not only simpler but it also gives better yield for long cantilevers. Furthermore, it is shown that the process can be used successfully for complex MEMS devices that consist of multiple-structural layers, but which do not contain membrane-like structures.
Introduction
The release process plays a crucial role for MEMS devices fabricated by surface micromachining. Special precautions need to be taken to prevent stiction of structures, which is easily induced by the relative large surface tension and capillary forces encountered by the micro-sized structures. Although there are well-known techniques such as evaporation drying [1, 2] , freeze-drying (sublimation) [3] , supercritical CO 2 drying [4] , wet releasing [5] , vapor HF releasing [6, 7] , the concern generally remains on how to simplify releasing processes without diminishing the yield. The techniques based on processing with two or more liquids (e.g. freeze-drying [3] : HF or buffered HF (BHF) for sacrificial etching, deionized (DI) water, iso-propyl alcohol (IPA), cyclohexane) require good handling skills. Nevertheless, liquids used in subsequent steps of the process can get trapped between structures and obstruct the release of complex MEMS devices.
The MEMS device shown in figure 1 provides inand out-of-plane motions for different tribological tests on micro-/nanoscale such as friction, adhesion and wear under various loading conditions. Its fabrication needed special requirements, thus various micro-machining techniques have been developed or adapted [8] . The bottleneck proved to be the releasing of the device, since relatively long and narrow (down to 1.5 µm) structures are used, and the gaps between structures of 1.5-2 µm can easily hamper substitution of different processing liquids during releasing. The device could not be released successfully using freeze-drying [3] , apparently due to incomplete substitution of IPA by cyclohexane in the critical parts (figure 2), hindering full-scale sublimation of cyclohexane.
An alternative release technique has been investigated in order to obtain good yield without using too many intermediate steps and processing liquids. The technique developed was tested on cantilevers, membrane-like structures (etched cavities) and the results were compared with those obtained with freeze-drying and supercritical CO 2 releasing.
General considerations
The mechanism of releasing microstructures by the evaporation of different liquids has been studied on cantilevers with different geometrical characteristics [1, 2] . For short rigid structures the water dried from the tip toward the clamping, these being completely released, while for longer compliant structures the water dried toward the tip and the cantilevers were stuck to the substrate as they rolled down from the tip to the base. Theoretical models for stiction of cantilevers have been developed by de Boer et al [9] , showing the s-shaped and the tipping stiction modes.
The alternative releasing technique, called flash release due to its extremely fast dynamical character, is inspired by supercritical CO 2 releasing. The principle of supercritical CO 2 releasing is that liquid CO 2 is brought to a supercritical state in a closed chamber. Nevertheless, the pressure and temperature of the critical point of CO 2 are far below those of the water (CO 2 : 73 bar, 31.1
• C; water: 218 bar, 374
• C). The conditions of the supercritical zone of water are difficult to reach without special equipment, hence supercritical water releasing has not been explored extensively.
The flash release is the result of investigations to reach the conditions near the critical point just locally, in close proximity to the wafer. This can be achieved by heating the wafer, thus the water that covers the microstructures, very fast to temperatures above that of the critical point. The fast temperature rise of the water by using open systems such as a multifunctional oven is only possible if the temperature of the oven is well above the targeted one. This is equivalent to a thermal shock with a subsequent drastic increase of pressure.
Physical nature of the process
The release process consists of three major steps: (i) removal of the sacrificial material, (ii) substitution of the etching fluid by DI water and (iii) removal of the DI water from the wafer. The last step is in fact the key issue of the process. In this section, we will try to elucidate its physical origin. Assumptions, calculations and experimental observations are presented in order to understand the release process.
Subsequent to the second step (ii) the Si wafer, on which the microstructures are micromachined, is covered with about 1 mm thick deionized water layer. It is placed horizontally on a rack and shifted very fast (τ i ∼ 0.5 s) into an oven heated to 600
• C. The time τ h needed to heat up the wafer to the critical temperature of water can be estimated from the energy balance of the lumped capacitance method [10] 
τ h is in the range of 4-5 s for a 4 inch Si wafer. This time almost coincides with the time required for heating the water layer, calculated by taking into account the thermal diffusivity of water.
It is important to calculate whether the water has time to evaporate before the wafer reaches its place in the oven or before the temperature of the water, covering the microstructures, reaches temperatures near T c . The speed of normal vaporization without boiling [11] can be estimated with
If we assume that the water is heated very fast, then the recession velocity in the one-dimensional situation is
From equation (3) we obtain the result that about 20 s would be needed for the recession of 1 mm thick water layer at critical temperature. It means that there is still a thick enough water layer on the wafer to cover the microstructures when the wafer reaches its position in the oven and by the time the temperature of the water increases to near critical value T c . This fact was also experimentally confirmed. The key phenomenon in the release process is the boiling. Since the wafer is almost atomically smooth, there are few defects where bubbles can be generated. Also by using DI water the number of seeds where bubbles can form is very small. All of these will delay the heterogeneous (ordinary) boiling. The temperature in the oven was chosen to be about 600
• C in order to avoid ordinary boiling by speeding up the heating process. It was observed experimentally that during heterogeneous boiling all the microstructures were broken due to the formation of large vapor bubbles.
When the conditions to avoid ordinary boiling are fulfilled (τ i τ h and τ h small, T oven ∼ 600 • C), then homogeneous (explosive) boiling occurs. Although it is a fast dynamic process, it is helpful to use a schematic phase diagram (figure 3) to discuss the process cycle. The initial and the final points of the process are designated i and f respectively, these are the two equilibrium points of the process, while c corresponds to the transitional critical point.
Besides the binodal line describing the normal phase transition, the p-T diagram contains a spinodal line [11] , which describes the boundary of thermodynamic stability. Between the spinodal and binodal curves there is a metastable region where liquid can be superheated. As the wafer is shifted into the oven, the process will follow the curve i-b, which means that the water is superheated without major pressure change in the very first instance. When the temperature of the water approaches the critical value T c , significant volume fluctuations appear [11] . These fluctuations support spontaneous bubble formation. Small nuclei of vapor in liquid must have a critical size to start to evolve, otherwise they will shrink and disappear. The pressure inside the bubbles is balanced by the pressure in the liquid and by the surface tension
from which the estimated critical size of the bubbles is several micrometers for near room temperature and few nanometers in the vicinity of the critical conditions. The minimal nucleation energy for the critical bubble [12] is
The probability of homogeneous nucleation at a given temperature T is proportional to exp(−W min /kT). For room temperature the nucleation energy is several orders of magnitude larger than kT, hence the probability of homogeneous nucleation is negligible. However, in the vicinity of T c the magnitude of this energy becomes comparable with that of kT, and the nucleation probability increases considerably.
The rate of homogeneous nucleation [12] , specifically the number of nuclei in 1 cm 3 in 1 s, can be estimated as
Calculations show that I n is zero for near room temperature, while near critical temperature the number of nuclei is extremely large, e.g. for T = 0.93T c the order is 10 28 nuclei cm −3 s −1 [11] . At temperatures in the vicinity of the critical point the water suddenly transforms to bubbles with high pressure inside. The coalescence of this large number of small bubbles instantly produces high pressure inside the volume and the system gets to point b on the binodal line near the critical state. The experimental evidence that such a high pressure develops during the release process will be discussed in the following section.
It is impossible to pass the boundary of thermodynamic stability during the release process in an open system, thus it is interesting to investigate possible scenarios for the rest of the process. The simplest is that the high-pressure vapor diffuses into the air and subsequently the pressure in the vicinity of the wafer drops to 1 atmosphere, while the environment around the wafer is heated to 600
• C. However, the phase explosion (explosive boiling) takes place within 30 ns [11] , during which large volume fluctuations occur. The diffusion process is much slower, 1 mm thick water layer needs about 0.04 s to diffuse into the air. The limitation due to diffusion combined with the large volume fluctuation during an extremely short time can cause a slight pressure rise, which could be enough to reach the critical conditions of the water-gas mixture locally, in close proximity to the microstructures. Very fast pressure relaxation follows and the temperature stabilizes at 600
• C (figure 3: curve c-f ).
Experimental investigations
Although the process was first tested on complex structures such as the microtribotester, the unexpectedly high yield using flash release prompted detailed investigations.
The best results have been obtained in the oven heated up to 600
• C when cantilevers with various widths were released up to a length of 1 mm with good uniformity on the wafer. It was observed that for lower temperatures (in the range of 500-550
• C) the yield decreases as well as the uniformity. For even lower temperatures of the oven (about 450
• C) ordinary boiling occurred. The same phenomenon took place when the shifting speed of the wafer into the oven was low. In both cases the microstructures (cantilevers, bridges and membranes) were almost 100% destroyed. This can be explained by the heat exchange between the wafer and its environment, causing alteration of the appropriate conditions for homogeneous boiling.
Simple microstructures such as cantilevers, bridges and etched cavities (membranes) were fabricated in order to compare the yield of the flash release to other release techniques. The fabrication layout was almost identical to the first part of the processing of the microtribotester [8] . A 100 Si wafer was first thermally oxidized to obtain a 2 µm thick sacrificial Si-oxide layer, then 2 µm thick small-grained polycrystalline Si was deposited at 590
• C with LPCVD technique and later doped with boron at 1050
• C for 1 h. Subsequently the wafer was annealed at 1100
• C for 3 h. The doped polycrystalline Si was patterned using a Bosch RIE process [8] . The releasing of microstructures was carried out with three different techniques: freeze-drying, supercritical CO 2 release and flash release. In figure 4 the techniques are presented with the intermediate steps from start to finish. For all three processes the sacrificial silicon oxide is removed by HF or BHF. The advantages of the flash release compared to the other two techniques are that it uses just two processing liquids and that no special equipment is required.
A differential interference contrast technique has been used to compare the yield of the three release processes. The pictures in figure 5 show that the last set of successfully released cantilevers with freeze-drying is 675 µm long and those not released are rolled down (C1 to C3); the supercritical CO 2 release is successful up to a length of 455 µm (upto C7), while the flash release freed all the cantilevers with length up to 1 mm. A small deflection of the long cantilevers, induced by the stress gradient in the doped polycrystalline-Si layer, can be observed in figures 5(c) and 6. The gap between the tip and substrate decreases as the width of the cantilever increases, but the tip is not yet touching the substrate for 1 mm long and 100 µm wide cantilevers. Returning to the theoretical consideration in the previous section, experimental evidence has been sought for the creation of very high pressure in the close proximity of the wafer. Etched cavities were used for this purpose, which can be regarded as clamped membranes. Through etching holes the sacrificial oxide was removed and the etchant was substituted with DI water, then the flash release was carried out. The expected behavior of the membranes was that they would break if high pressure builds up, but the way they broke denoted extremely high pressures, which can be a couple of hundreds of bars. Close examination revealed that the polycrystalline Si was broken along the clamping, specifically where the membranes were still resting upon the silicon oxide ( figure 7) . The polycrystalline-Si membranes were blasted and propelled so that no remains were seen by examination with an optical microscope. Analytical calculation according to [13] showed that a pressure larger than 70 bar is required to simply break such a membrane, but this would happen along a fracture line and definitely not along the clamping perimeter. The reason why cantilevers and bridges survived the flash release and membranes did not is that during the phase explosion the pressure difference becomes extremely large only between the two sides of the membrane. The membrane obstructs the diffusion of the high-pressure vapor into the air from the bottom side, while it can freely diffuse on the top side.
The yield of the flash release of complex MEMS devices has been proved by successful operation of the microtribotester (figure 1), in both directions (in-and out-of-plane) in environmental conditions and under vacuum. shown in figure 2 for exemplification of complex structures consisting of multiple-doped polycrystalline-Si layers built up on multiple sacrificial silicon oxide.
The process looks apparently simple, but mistakes, which are crucial to the release of the microstructures, can easily be made. The most important three that have been observed experimentally are: (1) the sacrificial etchant is not completely substituted with DI water, then the high temperature enhances the etch-rate of the vapor HF so that the wafer will be completely stripped of functional layers such as Si x N y for electrical isolation; (2) the position of the wafer is not horizontal, in this case the water flowing down from the wafer may cause stiction of the structures before it reaches its place in the oven; (3) fast handling is required, otherwise the wafer heats up gradually and ordinary boiling occurs which destroys all the microstructures on the wafer. The high temperature during the release process does not affect the structures considerably due to the growth of a silicon-oxide layer around the Si or polycrystalline-Si structures, since the oxidation rate at 600
• C is still low. The reported thicknesses of the silicon oxide grown in dry and wet conditions are approximately 1.5 and 1.7 nm respectively for an oxidation time of about 450 s [14] . The period while the wafer is at 600
• C in the oven is even shorter, consequently the silicon-oxide layer grown during the flash release is not much thicker than the native silicon-oxide layer that forms on the Si or polycrystalline-Si surfaces when they are stored.
Conclusions
A novel time-saving and cost-effective release technique has been developed that gives good yield for complex MEMS devices that consist of multiple structural and multiple sacrificial layers. The physical nature of the release technique has been discussed and it has been shown that extremely high pressure builds up in the close proximity of the structures by phase explosion.
There are three important requirements for successful releasing: good substitution of the sacrificial etchant, fast handling of the wafer and appropriate temperature of the oven.
From the comparison of three release techniques: freezedrying, supercritical CO 2 release and the flash release, it turns out that the latter gives better yield for long cantilevers. Moreover, the contamination during releasing is minimized.
The limitation of the technique, due to the high pressure that builds up during the release process, is that it does not allow freeing of MEMS devices that contain membrane-like structures.
